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One-sentence summary: 
The strongest diamagnetism among non-superconducting materials emerges in a Mott insulator when it 
is tuned to semimetal by current. 
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Mott insulators have surprised us many times by hosting new and diverse quantum 
phenomena when the ”frozen” electrons are perturbed by various stimuli. 
Superconductivity, metal-insulator transition, and colossal magnetoresistance induced by 
element substitution, pressure, and magnetic field are prominent examples. Here we 
report a novel phenomenon, namely giant diamagnetism, in the Mott insulator Ca2RuO4 
induced by electric current. With application of 1 A/cm2 current, the strongest 
diamagnetism among all nonsuperconducting materials is induced as the system is tuned 
to a semimetallic state. The origin lies in the emergence of indirect Dirac cones in the many-
body spectrum and associated monopole-like anomaly in the momentum dependent 
susceptibility. This record-breaking and switchable diamagnetism is a new class of non-
equilibrium quantum phenomena on the verge of Mott insulating states. 
 
When one applies magnetic field to the conduction electrons in a material, they exhibit cyclotron 
motion resulting in orbital magnetic moment. Such orbital motion leads to quantized (discrete) energy 
levels known as the Landau levels. In a simple system, the resultant increase in the total energy is 
proportional to the square of the applied magnetic field. This increase in the energy results in negative 
magnetic susceptibility, which does not depend on the field strength. This effect is known as the Landau 
diamagnetism or orbital diamagnetism (1). Another source of diamagnetism, present ubiquitously 
irrespective of metalicity of a material, is circulation of inner-core electrons. In most materials, both types 
of diamagnetism are rather weak and often hindered by other paramagnetic contributions. However, 
pyrolytic graphite and bismuth are well known to exhibit exceptionally large diamagnetism, as shown in 
Fig. 1, due to strong Landau diamagnetism originating from light-mass electrons as well as multi-orbital 
effects. Indeed, these materials host gapped Dirac cones in the electronic dispersions with strong 
hybridization between the electron and hole bands (2). In such systems, interband effects induced by 
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magnetic fields can lead to strong dimagnetism (3, 4). Recently, relatively large diamagnetism is observed 
in some topological semimetals such as TaAs, ascribable to the Weyl electrons in the bulk electronic state 
(5), again with Dirac-cone dispersion. We also note that superconductors show much stronger 
diamagnetism but only up to the critical magnetic fields. 
In this Report, we show that the Mott insulator Ca2RuO4 under electric current exhibits the strongest 
diamagnetism among all known non-superconducting materials as presented in Fig. 1. Remarkably, even 
including superconducting materials, the diamagnetism of Ca2RuO4 at 7 T is comparable to that of 
YBa2Cu3O7−δ, which remains strongly diamagnetic even in such high fields owing to its unusually high 
superconducting transition temperature. As illustrated in Fig.1B-D, a truly novel feature is the 
switchability of the diamagnetism. From the point of view of device applications, our finding is attractive 
because we can control not only the Mott gap but also the large diamagnetism electronically using 
current. We note that negative magnetization due to local magnetic moments is found in certain 
ferrimagnets such as YVO3, which consists of two or more magnetic sublattices (6). However, such 
negative magnetization is not categorized as diamagnetism by definition. 
The Mott insulator Ca2RuO4 (7) is an end member of the system Ca2−xSrxRuO4, which exhibits a rich 
variety of magnetic, transport, and structural properties (8–12), including the spin-triplet 
superconductivity in Sr2RuO4 as the other end member (13,14). Ca2RuO4 exhibits metal to insulator 
transition at TMI = 357 K accompanied by the first-order structural transition with flattening of the RuO6 
octahedra below TMI (15–17). On further cooling, Ca2RuO4 undergoes an antiferromagnetic (AFM) 
ordering at TN = 113 K with the Ru spins aligning along the orthorhombic b axis as illustrated in Fig. 2A. 
Resonant x-ray diffraction reveals another order, known as orbital ordering (OO), at TOO ≈ 260 K, below 
which the fourth electron of the Ru4+(4d4) ion occupies the dxy orbital predominantly (18). Ca2RuO4 can 
be made metallic by pressure (11), chemical substitution (8), or electric field (19), accompanied by a first-
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order structural transition to stretch the RuO6 octahedra along the c-direction. However, diamagnetism 
in the normal state has never been reported in Ca2−xSrxRuO4. 
The phase diagram of Ca2RuO4 under electric current presented in Fig. 2C summarizes the present 
results. The original Mott insulating state without current evolves into a semimetallic state above a few 
mA (corresponding to the current density of 1 A/cm2) and concurrently giant diamagnetism emerges at 
temperatures below 40 K. The current used in this Report is much lower than the current required to 
induce the insulator to metal transition at room temperature (5 A/cm2) (19). Figure 2D represents the 
temperature dependence of the resistivity ρ(T) under various applied currents for a sample with the 
cross-section of 3.2 × 10−3 cm2. Typical insulating behavior in ρ(T) is observed at 10 nA. It is technically 
difficult to pass moderate current (e.g. 10 nA−3 mA) down to low temperatures due to high resistivity of 
the material (Fig. S1). However, with increasing current, it becomes possible to flow current down to 20 
K because the resistivity drops by more than 5 orders of magnitude with current of as small as 4 mA. The 
shape of the ρ(T) curve changes from the thermal-activation type to semimetallic behavior with 
increasing current, indicating partial closing of the Mott gap (20). 
The magnetization M(T) also exhibits substantial change by application of current. As shown in Fig. 
2E, M(T) under 10 nA is identical to the behavior at zero current (7). However, with increasing current, M 
decreases gradually and the AFM transition vanishes at 3 mA. Current forces electrons to be itinerant 
and melts the AFM ordering. With higher current (410 mA), M(T) exhibits a sharp drop below 50 K and 
continues to become negative at lower temperatures. We carefully checked that this negative signal is 
not an experimental artifact (Fig. S2). We find that the direction of the magnetization is always 
antiparallel to the applied field, regardless of the field and/or current directions (Fig. S3). Thus the local 
magnetic field induced by external current does not play a role. This invariance also excludes 
magnetoelectric effects observed in multiferroic systems (21) as a possible origin. We also emphasize 
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that Joule heating, which certainly rises the actual sample temperature (22), cannot explain the 
diamagnetism, because Ca2RuO4 under ambient condition exhibits positive magnetic susceptibility for all 
temperatures. Therefore, we conclude that the observed negative magnetization in Ca2RuO4 originates 
from diamagnetism of conduction carriers due to current-induced partial Mott-gap closing. 
Next, we focus on magnetotransport properties. As shown in Fig. 2F, the longitudinal 
magnetoresistance (MR) under 5 mA exhibits sign reversal at around 70 K. Such negative MR without 
apparent ferromagnetic spin fluctuation is unusual. We note that negative MR has been observed in 
some Weyl semimetals and attributed to the chiral anomaly, i.e. imbalance of rightwinded and left-
winded particles (23). Nevertheless, the origin of the negative MR in Ca2RuO4 is not clear yet. The Hall 
coefficient under 5 mA (Fig. 2G) also exhibits sign change below 70 − 80 K indicating presence of multiple 
types of carriers in the current-induced semimetallic state. The positive Hall coefficient below 70 K 
suggests the dominance of hole-like carriers. 
The observed diamagnetism exhibits a peculiar anisotropy with respect to the applied magnetic field 
direction. For comparison, Fig. 3A shows the anisotropy of M(T) with zero current, reflecting the direction 
of the local magnetic moment ordered parallel to the orthorhombic b axis (the bo axis) in the AFM state 
(7). For M(T) with field along the c axis, a broad peak appears at about 250 K, attributable to the OO. 
With 5-mA current (Fig. 3B), negative M emerges below 40 K for all field directions. Reflecting a 
qualitative change in the magnetism, the anisotropy under 5 mA between H // ao and H // bo is smaller 
than the anisotropy at I = 0. Nevertheless, we found that the current-induced diamagnetism is 
substantially small for H // ao + bo (45 degrees from the orthorhombic a axis to the b axis). Figure 3C 
shows the M(H) curves at 20 K with the current I = 0 and 5 mA. The M(H) response for I = 0 mA is positive 
and close to linear for all field directions, while M(H) for I = 5 mA is negative and linear only up to 2-3 T; 
it becomes weakly sub-linear at higher fields. Figure 3D compares the resistivity normalized by the values 
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at 300 K for I k b and for various field directions. This normalized resistivity is largest for H // ao + bo, again 
manifesting a characteristic in-plane anisotropy. 
The observed diamagnetic semimetal state is theoretically explained as a consequence of 
momentum-dependent Mott-gap closing due to hybridization of one-dimensional (1D) correlated 
orbitals. Here, we use a tight-binding approach and start with the band structure of a hypothetical 
metallic state for Ca2RuO4 without electron correlations. We assume the orbital ordered states: two 
electrons per Ru4+ ion fully occupy the dxy orbitals and the other two partially occupy the dyz and dxz 
orbitals. Thus the electronic states close to the Fermi level consist of two half-filled bands originating 
from the dyz and dxz orbitals. These bands have one-dimensional nature with dispersions in the kx and ky-
directions. The two bands hybridize to form two quasi-two-dimensional (Q2D) cylindrical Fermi surfaces 
called α (hole band) and β (electron band) (Fig. 4A). The resulting Fermi surfaces are essentially what are 
observed in metallic Ca1.8Sr0.2RuO4 (24), but different from that in metallic Ca2RuO4 above TMI where the 
structural transition makes all three bands form Fermi surfaces. 
In order to account for the electronic correlation and the Mott insulating nature, we next employ the 
phenomenological approach proposed in Refs. (25,26). When the effect of correlation due to electron-
electron interaction represented by the self energy Σ = ∆2/(ω + ε1D(k)) (ε1D(k): uncorrelated 1D dispersion) 
is turned on, a Mott gap ∆ immediately opens up where the 1D nature is strongly preserved (on the Γ-M 
and M-X lines; Fig. 4B). In contrast, the Fermi surface remains ungapped near the Γ-X line, where the Q2D 
nature is strong. Such momentum-dependent gap opening leads to a Fermi-arc like structure. This Fermi 
arc shrinks as the electron correlation is increased, resulting in a pair of small electron-hole pockets on 
the Γ-X line (Fig. 4C). Although the wave numbers characterizing these pockets are slightly different (i.e. 
indirect gap), both pockets have ”massive” Dirac-like dispersions (Fig. 4K). The formation of such indirect 
Dirac cones is owing to the hybridization of the underlining purely one-dimensional correlated bands. On 
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further increasing the correlation, the gap fully opens completing the formation of the upper and lower 
Hubbard bands (Figs. 4I and 4J). 
The indirect Dirac cones have important features common to those of the momentum-space Dirac 
monopoles (27). The inverse masses of the bands are light, while strong hybridization exists among them. 
In the case of Dirac monopoles, this leads to interesting Berry-curvature physics such as the anomalous 
Hall effect. Figure 4K is the three-dimensional plot of the correlated band energy as a function of kx and 
ky near the indirect Dirac cones for ∆ = 24 meV. The associated momentum-dependent diamagnetic 
susceptibility Λ(k) (22) indeed exhibits sharp peaks at these Dirac points (Fig. 4L). The total magnetic 
susceptibility is obtained by integrating Λ(k) over the Brillouin zone (Fig. 4M). In the vicinity of the full 
gap opening (∆ = 24 meV), a large diamagnetism with a sharp drop in susceptibility is derived. We note 
that the sign change of the calculated magnetic susceptibility occurs at 32 K, agreeing reasonably with 
the experimental observation of the diamagnetic onset of T = 40 K. 
One of the remaining issues is the mechanism of the Mott gap closing by a DC electric current, 
although experimentally the occurrence of the gap closing has been established (20). There exist 
theoretical efforts to explain suppression of ferromagnetic ordering (28) and melting of charge density 
waves (29) in highly correlated electron systems under current. In Ca2RuO4, strong coupling to the 
structural phase transition as well as the Dirac-cone dispersion near the Mott gap most likely play 
essential roles in the smallness in the critical electric field (19). 
This work demonstrated that the Mott insulator can be driven to a new electronic state under non-
equilibrium steady condition induced by a simple DC electric current. Many other Mott insulators may 
exhibit novel electronic states by tuning their gaps by DC current. Our work demonstrates that DC current 
is a new and powerful tuning parameter to explore phases emerging around the Mott insulating state. 
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Fig. 1: Giant and switchable diamagnetism observed in Ca2RuO4. A, Comparison of current-induced 
diamagnetism in Ca2RuO4 with other common diamagnets and superconductors. Here we plot −M as a 
function of applied magnetic field for Ca2RuO4 at 5 mA (1.5 A/cm2) and 20 K, highly ordered pyrolytic 
graphite (HOPG) at 20 K, bismuth at 14 K (30), TaAs at 5 K (5), Pb (type-I superconductor) at 4.7 K (31), 
Nb (type-II superconductor) at 4.7 K (31), and YBa2Cu3O7−δ (type-II superconductor) at 4.2 K (31). The data 
for Ca2RuO4 and HOPG were obtained by ourselves, whereas the rest of the M(H) data are collected from 
the cited articles. B-D, Experimental demonstration of switching of the giant diamagnetism using current. 
The resistance (panel C) and magnetization (panel D) in Ca2RuO4 drastically changes as the current (panel 
B) was turned off. This experiment was performed at T=20 K and µoH=1 T. The resistance at 10 pA was 
much higher than 1011 Ω, the upper limit of resistance measurable with our setup. 
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Fig. 2: Novel diamagnetic semimetal state in Ca2RuO4 induced by current. A, Crystal structure of Ca2RuO4. 
The primitive vectors ao, bo, and co, are defined in the orthorhombic notation. The magnetic structure in 
the AFM state under zero current is illustrated by arrows. B, Optical microscope image of a single-crystal 
sample with a Laue pattern. C, Phase diagram of Ca2RuO4 under current revealed in this study. 5-mA 
current corresponds to the current density of 1.5 A/cm2. We have used abbreviations PM-M 
(paramagnetic-metal), PM-I (paramagnetic insulator), PM-SM (paramagnetic-semimetal), AF-I 
(antiferromagnetic-insulator), and DM-SM (diamagnetic-semimetal). D, Temperature dependence of the 
resistivity for various applied current. E, Temperature dependence of the magnetization for various 
applied current. For the data in D, and E, current and the magnetic field are applied along the bo axis. F, 
The temperature dependence of the magnetoresistance ratio [ρ(H) − ρ(0)]/ρ(0) . The inset shows 
ρ(H)/ρ(0) as a function of applied magnetic field at 20 and 300 K. G, Hall coefficient as a function of 
temperature. The inset shows the Hall resistance as a function of magnetic field measured at various 
temperatures. 
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Fig. 3: Magnetic-field anisotropy of the diamagnetic semimetallic behaviour in Ca2RuO4. Anisotropy of 
the magnetization as a function of temperature with A, zero applied current and B, 5-mA current. C, 
Magnetic-field dependence of the magnetization for I = 0 mA and 5 mA. D, Normalized resistivity 
ρ(T)/ρ(300 K) under 1-T field applied in various directions. The current was applied parallel to the bo axis 
for all cases. 
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Fig. 4: Electronic structure and associated diamagnetism of the indirect Dirac semimetal state of 
Ca2RuO4 induced by electric current. A-E, Two-dimensional projection of the Fermi surface at various 
bare Mott gap ∆, starting from the tight-binding model for Ca2RuO4. F-J, Correlated band (zero points of 
the Green function) structures corresponding to the cases A-E. Blue and red lines indicate the β (hole-
like) and α (electron-like) bands and the brightness of the color corresponds to the spectral weight at 
each point. K, Three-dimensional plot of the correlated band. L, Momentum-resolved diamagnetic 
susceptibility Λ(k) (at T =12 K) for ∆ = 24 meV (case D). M, Calculated total magnetic susceptibility as a 
function of temperature. Large diamagnetic susceptibility emerges when the tips of the indirect Dirac 
cones touches the chemical potential (∆ = 24 meV). 
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Materials and Methods 
Sample preparation and characterizations. Single crystals of Ca2RuO4 were grown by a 
floating-zone method with RuO2 self-flux using a commercial infrared furnace (Canon 
Machinery, model SC-M15HD). To obtain a high-density feed rod, mixtures of CaCO3 (99.99%) 
and RuO2 (99.9%) were calcined at 1000◦C in air for 10 h. The crystal growth was performed at 
a rate of 10 mm/h inside the quartz tube of the infrared furnace. The obtained single-
crystalline rod has a typical dimension of 4 mm in diameter and 50 mm in length. However, the 
rod breaks into pieces when cooled across the metal-to-insulator transition temperature (357 
K). Nevertheless, we obtain high-quality single crystals with a typical dimension of 2-3 × 1 × 
0.2 mm3. We have confirmed by x-ray diffraction that the crystals have the so called S-Pbca 
structure (7) at room temperature. In this study, we used high quality single-crystalline samples 
with essentially stoichiometric oxygen content judging from the lattice parameter c of 11.92 Å 
at 290 K and the antiferromagnetic transition temperature of 113 K (11,32,33). 
Measurement set-up. We designed a special sample holder made of non-magnetic (weakly 
diamagnetic) glass epoxy, connected to a long and thin stainless-steal tube. The holder fits 
inside the commercial SQUID magnetometer (Quantum Design, MPMS-XL) to measure the 
resistance and magnetization simultaneously under current. We put electrical leads inside the 
sample-holder tube. We have also placed a thermometer close to the sample. In order to get 
the magnetic signal only from sample we placed the temperature sensor 2 cm away from the 
sample but on the same copper strip as the sample was mounted. We have used a temperature 
monitor (Lakeshore, 218) to read the temperature. 
The transport measurements were carried out with a combination of an electrometer 
(Keithley, 6514) and current Source (Keithley, 6221) using the standard two-probe technique. 
The output impedance of the electrometer is higher than 200 TΩ. However, because of the 
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resistance between the circuit and the ground of our sample holder, the upper limit of the 
measurable resistance was around 1011 Ω. We made gold contact pads using dc sputtering with 
an aluminum mask on top of crystals and used room-temperature-cure silver paint to ensure 
good contacts through thin copper wires. Although we used the two-probe technique, we 
confirmed that the sample resistance (no less than 180 Ω at room temperature) is much larger 
than other remnant resistances (resistance of wires, contact resistance, etc.) which is 
measured to be less than 1 Ω. Thus the measured sample resistance is still accurate. 
It is known that DC current can cause considerable amount of Joule heating, especially for 
insulating materials. In order to dissipate the heat efficiently: (i) the sample is mounted on a 
long copper plate which is fixed firmly with the sample holder; (ii) most of the top surface of 
the sample is covered with silver paint which is in good thermal contact (using copper wire and 
GE varnish) to the holder. The sample is cooled directly with cold helium gas which allows to 
cool the sample from all sides. We have measured the actual temperature of the sample under 
5 mA and 0 mA current. At 20 K, we get a difference of 3.5 K. 
Calculation methods. Our theoretical calculation for the many-body band is based on the 
theory developed by Konik, Rice, and Tsvelik (25). First, we describe the system as a pair of 
one-dimensional Mott insulators (dxz and dyz), whose Green function is given by 
 
𝐺𝐺1D(𝜔𝜔,𝑘𝑘)−1 = ω +  2𝑡𝑡 cos 𝑘𝑘 − ∆2ω − 2𝑡𝑡 cos 𝑘𝑘 ,                                                     (S1) 
 
where t denotes the nearest-neighbor hopping energy within the orbital and ∆ is the Mott gap 
for the 1D system. The effect of correlation due to electron-electron interaction is represented 
by the self energy Σ = ∆2/(ω + ε1D(k)), where ε1D(k) is the bare dispersion of the 1D orbital. The 
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two orbitals resides on a square lattice and we take into account the hybridization between 
the two orbitals within the random phase approximation, i.e.,   
 
𝐺𝐺(ω,𝒌𝒌)−1 =  � 𝐺𝐺1D(ω,𝑘𝑘𝑥𝑥 )−1 −4𝑔𝑔 sin𝑘𝑘𝑥𝑥 sin𝑘𝑘𝑦𝑦 
−4𝑔𝑔 sin𝑘𝑘𝑥𝑥 sin𝑘𝑘𝑦𝑦 𝐺𝐺1D(ω,𝑘𝑘𝑦𝑦 )−1 � ,                                (S2) 
 
where g denotes the interorbital hopping between the next-nearest sites. Following 
experimental observations (20,34,35), we take into account the effect of the electric current 
by decreasing the bare ∆. The other parameters in the Green function are estimated by 
performing the firstprinciples calculation, yielding t = 130 meV and g = 11 meV. These 
parameters are consistent with Gorelov et al. (16). Here the effect of band folding due to 
scattering with a momentum transfer (π,π,0) originating from the tilt and rotation of RuO6 
octahedra is neglected. We have confirmed that such lattice change does not significantly 
affect the energy dispersion in the Mott-insulating regime. 
The diamagnetic susceptibility with the field along z-axis is calculated using the Fukuyama 
formula (36),  χ =  ∑ Λ(𝒌𝒌)𝒌𝒌 , where 
Λ(𝒌𝒌) = 𝑒𝑒2
𝑐𝑐2
𝑇𝑇 ∑ Tr[𝐺𝐺(𝑖𝑖𝑛𝑛 ω𝑛𝑛,𝒌𝒌)𝑣𝑣𝑥𝑥𝐺𝐺(𝑖𝑖ω𝑛𝑛,𝒌𝒌)𝑣𝑣𝑦𝑦]2                                        (S3) 
is the momentum-dependent susceptibility up to bubble diagrams. Both intraband and 
interband contributions are incorporated in this expression. Here, ωn is the Matsubara 
frequency and vx,y is the velocity operator. Expression (S3) for the diamagnetic susceptibility 
has a striking resemblance with the Kubo formula for Hall conductivity,  
σ𝑥𝑥𝑦𝑦  =  limω→0  𝑖𝑖ω ∑ �𝑄𝑄𝑥𝑥𝑦𝑦(𝒌𝒌,ω +  𝑖𝑖δ)  −  𝑄𝑄𝑥𝑥𝑦𝑦(𝒌𝒌, 0)�𝑘𝑘   with 
𝑄𝑄𝑥𝑥𝑦𝑦(𝒌𝒌, 𝑖𝑖ν𝑚𝑚)  =  −𝑒𝑒𝑇𝑇∑ Tr [𝐺𝐺(𝑖𝑖ω𝑛𝑛,𝒌𝒌)𝑣𝑣𝑥𝑥𝐺𝐺(𝑖𝑖ω𝑛𝑛 −  𝑖𝑖ν𝑚𝑚,𝒌𝒌)𝑣𝑣𝑦𝑦].𝑛𝑛          (S4) 
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The momentum dependent susceptibility Qxy(k,iνm) is related to the Berry curvature in the zero 
temperature limit and its Brillouin zone integral gives a topological index, i.e., the Chern 
number. It is known that the Berry curvature shows a large peak near the Dirac monopole in 
momentum space (27). In a similar way, we find that the diamagnetic susceptibility Λ(k) has a 
large peak at the position of the indirect Dirac cones (Fig. 5M). This monopole-like anomaly, 
however, has a slightly different nature when compared to the Hall susceptibility or 
diamagnetism in Dirac band materials. Namely, in the present case, contribution from 
intraband terms is dominant in producing the large diamagnetic response.  
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Fig. S1: Technical details of the current application. Simultaneous measurements of A, the 
voltage across the sample and B, magnetization, as a function of temperature at various 
applied current. In case of 10 nA - 3 mA, the current source stopped passing current when the 
voltage exceeds 105 V, which is the upper voltage limit of our current source (Keithley, 6221). 
When such current stop occurs, the magnetization jumps to a point on the 10 nA curve. This 
fact indicates that the sample quality is not changed by current. 
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Fig. S2: Raw SQUID signal of the magnetization measurement. Representative SQUID signals 
during magnetization measurements of Ca2RuO4 under 5-mA current as a function of the 
sample positions for selected temperatures. The peak is located at 2 cm for all curves, 
indicating that the sample is symmetrically scanned in a pair of pick-up coils separated by 1.5 
cm. The peak at 2 cm changes from positive to negative as temperature decreases, indicating 
a change from a paramagnetic state to a diamagnetic state. The small asymmetry of the signal 
originates from background contribution (the sample holder and thermometer). 
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Fig. S3: Field and current direction dependences of the magnetization. The magnetization 
value of Ca2RuO4 under current below ~ 40 K is found to be negative, as explained in the main 
text. A naive question is whether the magnetic field induced by the applied current plays a role 
here or not. To answer this question, we investigate the field-direction and current direction 
dependences. A, M(T) of Ca2RuO4 for H // b measured under I = +5 and −5 mA. The inset 
compares M(H) at 20 K for I = +5 and −5 mA. B, M(T) under I = +5 mA in µ0H = 1 T and −1 T 
applied parallel to the b axis. These data clearly demonstrate that the induced magnetization 
remains antiparallel to the applied magnetic field, regardless of the current and field directions. 
This behavior is characteristic of the diamagnetism. If the current-induced magnetic field were 
the origin of the negative magnetization, the direction of the observed signal would be flipped 
when the current is reversed. Thus, it is clear that the current induced magnetic field is not the 
origin of the negative magnetization. The observation also rules out the possibility of the 
electric-field induced magnetic moment, known as the magnetoelectric effect observed in 
multiferroic materials. 
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Fig. S4: Shift of the orbital order by external current. The magnetization of Ca2RuO4 for 
H // c exhibits a broad hump located at 250 K, associated with the orbital ordering (18). The 
temperature of this hump decreases gradually with the increase in current. This peak 
temperature, TOO is plotted in the phase diagram shown in Fig. 2C (main text). Such gradual 
change of TOO with the application of current implies that the current-induced Mott-gap closing 
occurs within the same orbital states, in accordance with our theoretical model. 
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Fig. S5: Current strength dependence of transport and magnetic properties. A, Resistance as 
a function of applied current along the bo axis at 20 K (green circles) and 300 K (orange squares). 
The current dependence of the resistance at 20 K exhibits a power-law decrease with 
increasing I. This decrease indicates that the number of carrier substantially increases with 
increasing I. The inset shows the I − V characteristics in log scales. At 20 K, the curve shows a 
negative slope (negative differential resistance, NDR), while at 300 K the slope is positive. B, 
Magnetization as a function of current at 20 K and 300 K. At 300 K, the magnetization is 
reduced gradually with increasing current but there is no signature of diamagnetism. However, 
diamagnetism appears at 20 K under 4-mA current. We note that the region between 10 nA 
and 4 mA was not experimentally accessible due to limitation of the current source as 
described above. Interestingly, within the diamagnetic state, the size of the magnetization 
does not change much with the increase in current above 4 mA. 
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Fig. S6: Possible current-induced first-order transition. A careful inspection of M(T) under 
current (e.g. Fig. 2E and Fig. S3) reveals an anomalous kink at ~ 80 K. In addition, small jump in 
R(T) was also observed at similar temperatures. To obtain further insight, simultaneous 
measurements of A, M(T) and B, R(T) was performed during cooling and heating processes 
under 5-mA current and µ0H = 1 T for H // I // bo. The hump in M(T) and a jump in R(T) occur 
at nearly the same temperature within a process. We also found that the changes in M(T) and 
R(T) are accompanied by thermal hysteresis: the anomaly occurs at ~ 70 K in the warming 
process. Such hysteretic behavior indicates a first-order phase transition at around 80 K. 
However, the nature of this transition is not yet known. 
 
